The synthesis of a one-dimensional single-stranded helix using the crystallization of silver (I) nitrate and 2,2-biimidazole has promising potential for use in the area of nanotechnology mainly because of its unique electrical properties and its structural similarity to naturally occurring nucleic acids. In this study, we report a new method for the deposition and growth of 2,2-biimidazole-based nanorods on mica substrates by employing a complex solution of silver nitrate (I) and 2,2-biimidazole. The morphology and electrical polarizability of the prepared nanorods are investigated by tapping mode atomic force microscopy (AFM) and noncontact electrostatic force microscopy (EFM). The experimental results show highly polarizable and singly separated nanorods oriented in three preponderant directions. In addition, we show that the active K + ions on the mica surface are required for the formation of these nanorods. Additionally, these potassium ions are a critical factor in controlling the nucleation and morphology of nanostructures.
Introduction
Recently, intensive efforts have been directed on developing supramolecular architectures via the self-assembly of metal complex components. Because of their potential applications in the fields of supramolecular chemistry, asymmetric catalysis, and nonlinear optical materials, novel designs of metal complexes exhibiting helical architectures are continuously emerging [1] [2] [3] [4] [5] [6] [7] [8] . Helical structures are formed by wrapping molecular strands about a central axis and their orientation may be controlled by supramolecular interactions including hydrogen bonds, π-stacking or metal ion coordination [9, 10] .
The neutral molecule 2,2-biimidazole (H2biim) (shown in Figure 1 (a)) has attracted considerable attention in the design and synthesis of helical structures mainly due to the coordinative versatility of metal cations, for example, silver (I) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The Ag-H2biim system is capable of adopting multiple coordinating modes and a variety of geometries according to its counter anion characteristics [12, 16, 23] . Hester et al. [12] showed that silver (I) nitrate and H2biim crystallize from an aqueous solution to afford a singlestranded helix, as evidence by X-ray crystallography. They found that this assembly is based on an approximate cis conformation of H2biim acting in concert with the preferred linear two-coordinate nature of the ligated silver (I) atom. Such a nanostructure has promising potential for use in the area of nanotechnology mainly because of its unique electrical properties and its structural similarity to naturally occurring nucleic acids [12, 23] . In this study, we report a new method for the deposition and growth of 2,2-biimidazole-based nanorods on mica substrates by employing a complex solution of silver nitrate (I) and 2,2-biimidazole. The characteristics of these nanorods, including morphology and electrical polarizability, are investigated using atomic force microscopy (AFM) and electrostatic force microscopy (EFM). 
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Materials and Methods
Materials.
The muscovite mica used in the study possesses a layered structure formed using tetrahedraloctahedral-tetrahedral silicate sheets with a thickness of 1 nm, separated by a monolayer of potassium atoms. The bonds between the silicate layers and the potassium ions are weak which allows for the easy cleavage of the mica and results in the formation of an atomically flat surface. Silver (I) nitrate, nitric acid and 2,2-biimidazole were purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received.
Growth and Deposition of Nanorods on Mica Surface.
One hundred thirty four mg of H2biim were dissolved in 20 mL of 0.01 M aqueous solution of HNO 3 . Then, 340 mg of AgNO3 were added as a solid to the above solution, resulting in the formation of a white precipitate. Hester et al. [12] reported that the precipitate can be resolubilized if the acidity of the solution is increased slowly. Columnar crystals are then deposited upon slow evaporation of the resulting solution, as shown in the optical microscope image of Figure 1 (b). In this study, the columnar crystals obtained were resolubilized in a solution of HNO 3 and of tripledistilled water at different concentrations. FTIR analysis of the deposited compound confirmed the results obtained previously by Hester et al. [12] , showing the characteristic N-H stretch (3141-2810 cm −1 ) of H2biim and the ionic nitrate absorption (1360 cm −1 ), indicating that the product is a complex involving both AgNO 3 and H2biim. Finally, a 10-μL drop of the prepared solution was deposited on a mica substrate for different incubation times and dried with nitrogen gas.
AFM and EFM
Imaging. AFM equipped with WSxM software (Nanotec S.L. Madrid, Spain) was used to characterize sample surfaces using the dynamic mode of AFM and EFM [24] . For all our silicon AFM probes, a Budget Sensor tips (Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria) were used. These tips are electrically conductive with a chromium/platinum coating on both sides of the cantilever. The resonant frequency of the tips is 190 kHz with a force constant of 48 N/m. EFM is extensively used as a noncontact and harmless method for polarizability detection of nanostructures on mica surfaces [25] . Retrace mode scanning was the main tool used in our study because it enabled the detection of an EFM signal by applying an electrostatic bias on the AFM tip. A topography scan was used, preceding the retrace scan, bearing the following EFM parameters: the bias, tip lift distance (80 nm) and the cancellation of the feedback. The dynamic amplitude was corrected to avoid any undesired tip deflections upon bias applications which could in turn lead to an erroneous reading of the phase shift imaging.
A constant tip-sample distance was maintained during the retrace in the electrostatic force range. Additionally, when using the retrace scan, the feedback was canceled and a bias was applied simultaneously with a tip lift in the electrostatic range. Figure 4 (c) are possibly related to the release of solvent during the evaporation process. Nanorods grow with parallel orientations in three preponderant directions marked as 1, 2, and 3 in the AFM topography images in Figure 4 (a) and Figure S1 (see Figure S1 in the Supplementary Material available online at doi: 10.1155/2010706920) indicating strong interaction with the mica surface.
Results and Discussion
The surface of mica is negatively charged and hydrophilic due to the dissociation of the potassium cations from the mica surface. Previous studies reported that potassium ions in mica are easily replaced with other ions (such as H+) when mica is treated with different solutions [26, 27] . The ion exchange process is quick and efficient. In order to understand the role of K + ions present on the mica surface in the nanorods growth, two control experiments were performed, under the same conditions and a deposition time The results showed the formation of nonhomogeneous three-dimensional aggregates. No nanorods were observed on the annealed mica and the SiO 2 surfaces as shown in the AFM topography images of Figures S 2(a) and S 2(b) , respectively. Therefore, we can deduce that the active K+ ions on the mica surface are required for the formation of these nanorods. Additionally, these potassium ions are a critical factor in controlling the nucleation and morphology of nanostructures.
Upon increasing the concentration of the resolubilized columnar crystals to 10 mg/mL in the 0.01 M HNO 3 solution, the grown structures exhibit ribbon-like morphology composed of parallel nanorods in a layered structure as presented in the AFM topography image of Figure 5 . The nanostructures show no preference in orientation indicating a decrease in the morphological influence of the substrate.
The EFM measurements of the nanorods, shown in Figure 6 (a), show a markedly interesting behavior. A strong pattern of the negative phase shift signal, where the nanorods were detected earlier using AFM, was observed when bias voltages of +5 V (Figure 6(b) ) and −5 V (Figure 6(d) ) were Journal of Nanomaterials applied to the tip, while no EFM signal was observed at 0 V (Figure 6(c) ). The line profiles in Figure 6 (e) represent the magnitude of the phase shift signal at the position of the nanorods using different bias voltages. This behavior is indicative of strongly enhanced polarizability which may be attributed to the H2biim moiety being coordinated to metal centers of silver (I). In order to validate our results, we applied the same technique to multiwalled carbon nanotubes (MWCNTs), which are strongly polarizable objects comparable in height to the nanorods presented in this research ( Figure S3 in Supplementary Materials). A strong pattern of a negative phase shift signal can clearly be observed at the position of the CNTs when bias voltages of −5 V and +5 V were applied to the tip, while no EFM signal was measured at 0 V. The EFM results of CNTs are consistent with the results reported by other groups [25] , supporting the reliability and accuracy of our EFM measurements.
Conclusion
We have successfully grown and deposited, nanometer scale rods from a solution containing a complex of AgNO 3 and H2biim, on a mica substrate. Advanced AFM techniques were applied to characterize the morphological and electrical properties of these nanostructures. The experimental results revealed highly polarizable and singly separated nanorods oriented in three preponderant directions. The control experiments showed that the active K + ions on the mica surface were needed to form nanorods and are a critical factor in controlling the nucleation and the morphology of these nanostructures. These findings open the way for exploring the possibility of using these nano-objects in nanotechnology applications.
